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Abstract 
 
We synthesized pure and Co-doped (6.25 - 12.5% at.) ZrO2 nanopowders in order to 
study their magnetic properties. We analyzed magnetic behavior as a function of the 
amount of Co and the oxygenation of the samples, which was controlled by low 
pressure thermal treatments. As prepared pure and Co-doped samples are diamagnetic 
and paramagnetic respectively. Ferromagnetism can be induced by performing low 
pressure thermal treatments to the samples, which becomes stronger as the dwell time of 
the thermal treatment is increased. This behavior can be reversed, recovering the initial 
diamagnetic or paramagnetic behavior, by performing re oxidizing thermal treatments. 
Also, a cumulative increase can be observed in the saturation of the Magnetization with 
the number of low pressure thermal treatments performed to the sample. We believe that 
this phenomenon indicates that cobalt segregation induced by the thermal treatments is 
the responsible for the magnetic properties of the ZrO2-Co system. 
 
  
Introduction 
 
The development of spintronics has promoted the study of materials in which 
magnetism and electrical transport are correlated. Since the theoretical proposal of Dietl 
et al. of room temperature ferromagnetism in Mn doped ZnO [1], a significant amount 
of work has been devoted to the study of the magnetic properties of doped and undoped 
oxides such as ZnO, TiO2, SnO2, HfO2 and CeO2 [2,3,4,5]. Among them is ZrO2, for 
which room temperature ferromagnetism has been predicted in Mn doped ZrO2 by ab 
initio calculations [6]. Since that, several works appeared exploring ZrO2 as a candidate 
for a diluted magnetic oxide (DMO). 
  
In its pure state, the ZrO2 system is generally diamagnetic or paramagnetic, but when 
doped with magnetic elements (mostly Mn and Fe) the compound can behave as a 
paramagnet or a ferromagnet [7,8,9,10,11,12]. Also, the absence of magnetic behavior 
was reported [13,14]. Even more, the appearance of ferromagnetism in ZrO2, was 
shown to be superimposed with a resistive switching induced by the application of 
electric pulses [15]. That broad spectrum of results shows that, even the topic of DMO 
has been studied in detail, a complete understanding of their magnetic properties, in 
particular for the ZrO2 system are far from being clear. Also, despite numerous claims 
of successful growth of DMOs, few works have convincingly demonstrated the 
synthesis of real, intrinsic DMO and the question of their real utility remains open. 
 
The presence of oxygen vacancies has been ascribed to play a significant influence on 
the magnetic properties of several DMO [4,10,13]. For that reason, much recently, 
research of ZrO2-based DMOs has focused on the study of nanostructures 
[16,17,18,19,20,21] with large surface/volume ratio and thus a proper environment for 
oxygen vacancies.  
 
In several of those studies, oxide segregation is mentioned as responsible for the 
magnetic behavior but an analysis of this problem is only performed in few of them 
[21,22]. This is due to the typically small magnetic signals of DMOs, which can arise 
by an amount of segregated magnetic element below the detection limits of the typical 
laboratory techniques [23], making very difficult to identify segregation through the use 
of X ray diffraction or adsorption techniques.  
Magnetization, on the other hand, is extremely sensitive to small amounts of magnetic 
impurities, being its drawback that we are dealing with a bulk technique. However, as 
we will show, the use of systematic experiments varying oxygenation of the samples, 
can be used to discard the presence of impurities and also to evidence the influence of 
segregation. 
 
In this work we study the magnetic properties of ZrO2 nanoparticles doped with Cobalt 
as a function of doping and the relative concentration of oxygen vacancies. We have 
chosen the Co-ZrO2 system because is one of the less explored material as DMO. We 
use nanoparticles instead of thin films for two main reasons: First, the typically low 
magnetic signals of these systems can be easily enhanced just by increasing the amount 
of sample. Second, as mentioned above, the surface to volume ratio of the sample can 
be adjusted simply by performing adequate thermal treatments, which is particularly 
convenient as the surface is usually the preferred location of point defects such as 
oxygen vacancies. 
 
We will contribute to answer on whether magnetism is an intrinsic property of the oxide 
or if it is due to segregation of the dopant, as there is still controversy regarding this 
aspect. To discriminate the origin of the observed magnetic signal, we performed a 
series of systematic experiments. The experiments are combinations of series of low 
pressure thermal treatments and thermal treatments in air. This was done, as in other 
systems [5,24,25], in order to study the relative influence of oxygenation on the 
magnetic properties of the samples, and also to test reversibility against oxygen 
incorporation. The choice to rely mainly on magnetization data instead of other 
techniques, is due to the fact that the amount of segregated material that could explain 
the small magnetic signals observed in DMOs is typically below the detection limit of 
the most common laboratory techniques. The systematic experiments allowed us to 
discriminate among intrinsic and extrinsic (impurities, segregation) contributions.  
 
Our results indicate that magnetism is increased in de-oxygenated samples and it can be 
reversed by performing thermal treatments in an oxidizing atmosphere. On the other 
hand, the application of cumulative thermal treatments at low pressure and air, results in 
an increase of the ferromagnetic signal, thus indicating that segregation is the 
responsible for the ferromagnetic behavior. 
 
Experimental 
 
Pure and Co-doped ZrO2 (6.25%, 9% and 12.5% at.) powders were synthesized by the 
liquid-mix method using ZrO(NO3)2.2H2O and Cobalt(II) nitrate hexahydrate as 
reagents. All samples were dried at 120°C for 72 hours, grounded and annealed in air at 
500°C for 2 hours. 
 
Given that the presence of defects, in particular oxygen vacancies, is considered to play 
a key role in the magnetic behavior of DMOs, we performed a series of low pressure 
thermal treatments (LPTT), at approx. 3.10-2 mbar. The degree of de-oxygenation was 
qualitatively controlled by varying the dwell time (dwt) of the LPTT. We also 
performed thermal treatments in air (TTA) in order to oxidize the samples. Cycles 
consisting of sequences of LPTT and TTA treatments were used in order to study 
cumulative effects. Both treatments were performed at 450°C, which is lower than the 
synthesis temperature, in order to avoid changes in the crystallite size of the samples. 
 
X-ray powder diffraction patterns of the samples were obtained using a PANalytical 
EMPYREAN diffractometer. The pure samples showed the formation of tetragonal 
ZrO2 with a small fraction of monoclinic ZrO2. In Co-doped samples, however, just the 
tetragonal structure was observed with no appreciable secondary phases associated with 
the dopant. Crystallite sizes of around 7 nm were obtained for all samples by means of 
the Scherrer equation. No changes in the composition of the samples or the crystallite 
size were observed upon performing the LPTT’s, as verified by EDS and X-ray 
diffraction respectively. 
 
Magnetic measurements of powdered samples, were performed in a VersalabTM 
Vibrating Sample Magnetometer from Quantum Design at 300 K. The signal 
corresponding to the sample holder was always measured and subtracted from the 
results. 
 
Results and Discussion 
 In figure 1 we show the XRD data for the undoped samples. Results for samples 
thermally treated at low pressure for 0, 4, 8 and 12 h. are presented. The presence of a 
mainly tetragonal phase has been identified, with a minor contribution of a monoclinic 
phase. The stabilization of these phases  is usually observed in nanostructured 
samples26,27,28. No significant difference is observed for the samples subjected to low 
pressure thermal treatments. 
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Figure 1: X ray diffraction data for ZrO2 undoped samples subjected to low pressure 
thermal treatments from 0 to 12 h as described in the experimental section. Inset: detail 
of the most significant reflections of the tetragonal (t) and monoclinic (m) contributions 
for alls samples. 
 
The XRD data corresponding to samples doped with Co (x ≈ 0 - 12.5%) is presented in 
figure 2(a). From these data, the presence of ZrO2 is clear, and no evidence of 
segregation of dopant nor secondary phases can be observed. This indicates that most 
part of the Co ions have entered into the crystalline structure of the oxide and 
segregation, if any, is below the detection limit of our XRD data. We performed similar 
low pressure thermal treatments to the doped samples, as those presented in figure 1 for 
the pure ZrO2 compound. We can see in figure 2(b) that no structural changes are 
induced in this case also (shown for the sample doped with 12.5% of Co). 
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Figure 2: (a) X ray diffraction data (a) for ZrO2 doped samples, (b) for samples with 
12.5% of Co, subjected to low pressure thermal treatments from 0 to 12 h as described 
in the experimental section. 
 
In table I we present the crystallite size for several samples as obtained using the 
Scherrer equation. We can see that no significant changes can be observed both on 
doping and with the low pressure thermal treatments, even though a slight reduction of 
the crystallite diameter is observed on samples with doping above 9% of Co. 
 
τ (h) 6.25% of Co 9% of Co 12.5% of Co 
0 8 ± 1 nm 6.2 ± 0.5 nm 6.2 ± 0.7 nm 
4 8 ± 1 nm 6.2 ± 0.5 nm 6.2 ± 0.8 nm 
12 8 ± 1 nm 6.5 ± 0.7 nm 6.5 ± 0.7 nm 
Table I: crystallite diameter for several samples as a function of %Co and the time of 
the low temperature thermal treatment in hours (h). 
 
In figure 3 we show the magnetization (M) as a function of the magnetic field at room 
temperature, for samples synthesized in air, with x = 0, 6.25, 9 and 12.5%. We see that 
the behavior ranges from diamagnetic for the non doped sample, to paramagnetic for the 
doped ones, with a progressively increased paramagnetic susceptibility while increasing 
the concentration of the dopant.  
 
In the inset of figure 3 we show the values of M for 2T, extracted from the M vs H data 
and displayed as a function of doping. We see an almost linear increase of the 
magnetization with a slight tendency towards saturation suggesting a solubility limit 
reached at around 12,5% of Co concentration. 
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Figure 3: Magnetization as a function of magnetic field for the as-prepared samples. 
Doping is indicated in the figure. Inset: Magnetization evaluated at H = 2 Tesla as a 
function of doping. 
 
To evidence the role played by oxygen on the magnetic properties of the system, we 
have performed a series of thermal treatments in vacuum to de-oxygenate the samples. 
The color of the samples changed upon performing the LPTT’s. We observed a 
darkening of the samples that strengthened when increasing the dwell time of the 
treatment, indicating changes in the optical band-gap and therefore in the electronic 
structure of the system.  
Magnetic susceptibility data was analyzed with the Curie Law, corresponding to a 
paramagnetic material (eq. 1) [29]. 
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Where µB is the Bohr magneton and p is the effective number of Bohr magnetons. 
Assuming that N/V is the number of Co atoms per unit volume, we obtained p by fitting 
the magnetic susceptibility data and is presented in table II. The increment in the values 
of p are consistent with an increase in the oxidation state of Co, taking into account that 
the spin only contribution  (high spin) of Co2+,Co3+ and Co4+ are 3.87, 4.9 and 5.92, 
respectively. 
 
 6.25% 9% 12.5% 
p (as prepared) 4.62 ± 0.02 4.6 ± 0.1 4.47 ± 0.05 
p (LPTT 4h) 4.8 ± 0.1 4.8 ± 0.1 4.8 ± 0.2 
p (LPTT 12h) 5.0 ± 0.2 5.7 ± 0.5 6 ± 1 
Table II: Effective number of Bohr magnetons for samples doped with 6.25, 9 and 
12.5% of Co, extracted from magnetic susceptibility data. 
 
The magnetization as a function of magnetic field for de-oxygenated samples at 300 K 
is shown in figure 4. When subjected to a LPTT of 4 hours, magnetization 
measurements show little change for undoped and low doped samples with respect to 
the as-prepared ones but hysteresis loops have been observed for samples with 9 % and 
12.5% of Co doping. We can see a progressive enhancement of the ferromagnetic 
behavior while increasing Co concentration. However, it is worth to note that a 
paramagnetic contribution is present in all samples (for x > 6.25%, it is superimposed to 
the FM contribution). This component varies on doping in a similar way as that 
presented by the as-prepared samples. The values of p obtained for the samples 
subjected to LPTT display an increase that suggests a slight tendency of Co towards the 
Co2+ oxidation state (see table II). The formation of Zr3+, would also lead to an increase 
of the value of p, however this is far less likely than the partial reduction of Co ions. 
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Figure 4: FM hysteresis loops observed for the samples after performing a low pressure 
thermal treatment of 4 h. 
 
0 2 4 6 8 10 12
0.0
0.5
1.0
1.5
0 100 200 300 4000.0
0.5
1.0
1.5
M
SA
T(e
m
u
/g
)
dwt (h)
 9%
 12.5%
x = 12.5%
 dwt = 4h
 dwt = 8h
 dwt = 12h
M
SA
T 
(em
u
/g
)
T (K)
 
Figure 5: Saturation value of the magnetization (MSAT) as a function of the dwell time 
of the low pressure thermal treatment for samples with 9% and 12.5% doping. Inset: 
MSAT as a function of temperature for the sample with x=12.5% subjected to low 
pressure thermal treatments o 4, 8 and 12h. 
 
The saturation value of the FM component of the magnetization (MSAT) increases both 
with doping (see fig. 4) and with the dwell time of the LPTT, as shown in figure 5. It 
also can be seen that is independent of temperature. The observed increment of MSAT vs. 
dwt is clearly correlated with de-oxygenation, thus qualitatively supporting the idea that 
an increase in the concentration of oxygen vacancies is essential to explain the 
appearance of ferromagnetism. However, it is insufficient to discard other sources of 
FM, such as clustering of Co (both as metallic or as a magnetic oxide). 
 
0.0
5.0x10-6
1.0x10-5
0 2 4 6 8 10 12 14
0.00
0.05
0.10
0.15
(a)
 
 as syntered
 LPTT
 LPTT+oxydated
 LPTT+oxydated+LPTT
χ P
M
(em
u
/O
e.
g)
(b)
M
SA
T 
(em
u
/g
)
x(%)
LPTT
 
Figure 6: (a) Paramagnetic susceptibility as a function of doping after performing 
several thermal treatments in different atmospheres. (b) MSAT for a sample after 
performing a low pressure thermal treatment of 4 h at 450ºC. Measurements performed 
at room temperature. 
 
In figure 6(a) we show that the paramagnetic susceptibility (χPM) for large magnetic 
field (extracted from the data of figures 3 and 4), displays an increment with doping. 
We can see that the paramagnetic contribution of the as-prepared sample and the de-
oxygenated sample (LPTT of 4 h) show a similar trend as a function of doping until 9%. 
Thus, this component is not significantly affected by oxygenation, at least for low 
doping. However, for x = 12.5%, we can see several interesting features: 1) The as-
prepared sample displays lower χPM that the sample subjected to an LPTT of 4h, 2) χPM 
of the sample that was previously subjected to an LPTT is reduced if the sample is then 
oxygenated (up triangle, indicated as LPTT+oxy), reaching almost the same value as the 
as-prepared sample and 3) if a subsequent LPTT is applied to this sample, χPM recovers 
its initial value (down triangle, indicated as LPTT+oxy+LPTT in figure 6(a)).  
In figure 6(b) we show the value of the saturation of the magnetization (MSAT) of the 
samples subjected to a LPTT of 4h at 450ºC as a function of doping (the PM 
contribution was previously subtracted). A monotonous increase can be observed on 
doping. This dependence, along with the aforementioned change in color of the de-
oxygenated samples, evidences a correlation between a change in the electronic 
structure and the appearance of ferromagnetism. Both changes undoubtedly arise due to 
the some kind of de-oxygenation of the samples.   
 
Thus, in the case of low doped samples, the LPTT mainly affects ferromagnetism, while 
for high doping, where segregation is more likely to occur, the paramagnetic 
contribution is also affected. This non trivial behavior could be related with an enhanced 
segregation in the highly doped samples. In that case,  the presence of different cobalt 
oxides with lower p values is possible, as cobalt ions can be in intermediate situations 
between non-interacting (PM), in a weak AFM interaction or strongly interacting (FM). 
 
Inspired by the reversible behavior of the susceptibility of the sample doped with 12.5% 
of Co, shown in figure 6(a), we performed a sequence of M vs. H loops to that sample 
in the following sequence: 1) as prepared, 2) as prepared + subjected to an LPTT of 4h 
and 3)  as prepared + subjected to an LPTT of 4h + further oxygenated. In figure 7 we 
show the M vs H measurements obtained for that sequence. High field slopes are similar 
for all measurements, the most significant difference being the appearance of 
ferromagnetism after the LPTT is performed. However (as anticipated in figure 6(a)) the 
paramagnetic component, which is superimposed to the ferromagnetic hysteresis cycle, 
presents a slight increase from the as-prepared sample to the one that is subjected to an 
LPTT.  
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Figure 7: M vs. H dependence for the as prepared sample with x =12.5% doping. A 
reversible behavior can be observed on performing low pressure and oxygenating 
thermal treatments in air. Inset: Detail of the hysteresis loop at low magnetic field. 
Measurements performed at room temperature. 
 
The most significant effect is a switching behavior against reduction/oxidation of the 
samples, in which an initially PM sample turns into FM and then goes back to PM. This 
finding is similar to what can be observed in systems like Co doped ZnO [25] and CeO2 
[5], showing that FM behavior is not the result of the accidental incorporation of 
spurious magnetic impurities during thermal treatments. We observed that both the 
appearance of the hysteresis loop and the change in color are reverted when re-oxidizing 
the sample. We also see that the increase of the paramagnetic susceptibility mentioned 
in the previous paragraph is reversed.  
 
Within this scenario, two possibilities arise to explain our results:  
- FM is an intrinsic property of a homogeneous compound which depends on the 
amount of oxygen vacancies generated during the LPTT.  
- FM is the result of segregation of magnetic material induced by the LPTT.  
 
The first possibility is clear and in the second, the obtained values of saturation 
magnetization could correspond to the presence of an amount of a magnetic compound 
of cobalt, so small that it cannot be detected in an XRD analysis, as has been shown in 
other systems [30,31].  
 
To validate the "segregation" possibility, we performed a number of successive 
reducing/oxidizing LPTT – TTA cycles on the 12.5% doped sample. It is clear that, if 
ferromagnetism is an intrinsic feature or it arises from (static) segregation induced 
during the synthesis procedure, the situation will resemble the data of figure 5, in the 
sense that after each LPTT the magnetization should go "back and forth" between the 
PM and the FM state. If, on the other hand, segregation is assisted by the thermal 
treatments, a cumulative behavior should be observed after each LPTT-TTA cycle is 
performed. 
 
In figure 8(a), we present M vs. H curves measured after performing 1, 2, 3 and 4 LPTT 
to the sample. We can see that the saturation of the FM part of the magnetization 
measured increases as a function of the number of LPTTs.  
Each LPTT was followed by a TTA, after which the paramagnetic behavior was 
recovered as shown in figure 8(b). In figure 8(c) we see that after each cycle, MSAT 
increases exponentially, growing almost two orders of magnitude after 4 thermal 
treatments.  
 
To clarify our image: before the LPTT the sample is in its "as prepared" state, 
ferromagnetism is not observed because the segregated phase (if present) can be as a 
non-magnetic Co oxide (Co3O4 for example). This oxide tends towards metallic Co 
upon reduction and consequently, the FM behavior appears after each LPTT. Our 
results also show that after each LPTT-TTA cycle, the system evolves, as clearly seen in 
figure 8(a). This cumulative result suggests that the observed ferromagnetic behavior is 
a consequence of a segregated phase, promoted in principle by both (LPTT and TTA) 
thermal treatments. 
Segregation can be induced in the whole LPTT-TTA cycle but, as (close to) metalic 
Cobalt is needed for FM behavior, ferromagnetism is only to be expected when 
measuring the sample after an LPTT is performed, as shown by our results.   
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Figure 8: (a) Magnetization loops performed after 4 subsequent LPTT were performed 
to the sample with x = 12.5% doping. (b) Magnetization loops performed after 4 
subsequent LPTT+TTA were performed to the sample with x = 12.5% doping. (c) Value 
of the saturation of the magnetization as a function of the number of LPTT performed to 
the sample. 
 
Conclusions 
In summary, we have shown that magnetic behavior can be induced by introducing Co 
in the ZrO2 oxide. In the as prepared samples, only paramagnetism can be observed, 
while ferromagnetism appears if the samples are subjected to low pressure thermal 
treatments.  
We performed experiments in which we alternated low pressure and ambient pressure 
thermal treatments, that showed that the origin of the ferromagnetic behavior is more 
likely to be related with cobalt segregation induced during those thermal treatments, 
thus indicating that ferromagnetism in the ZrO2-Co system is due to Co segregation. We 
showed that DC magnetization, although it does not give a microscopic picture, it is 
capable to identify very small contributions that are undetectable by typical laboratory 
techniques, and its results can be useful if systematic studies are performed. 
 
Even though ferromagnetism is not an intrinsic property of the oxide, the study of the 
magnetic properties of doped ZrO2 still deserves attention as an heterogeneous insulator 
with magnetic aggregates.  
An interesting theoretical proposal that, to the best of our knowledge, hasn’t been 
experimentally tested yet is to induce magnetism in ZrO2 by doping with non magnetic 
impurities such as K and Na [32]. Also, an experimental study on K doped TiO2 [33] 
show, however, that weak paramagnetism is observed but no long-range ferromagnetic 
order. Another interesting aspect, is the analysis of the magnetic behavior in N-doped 
ZrO2, as in very recent theoretical studies, ferromagnetism is suggested to appear in 
certain conditions [34], while its absence at room temperature is also claimed [35].  
Besides, as small Co or Co oxide precipitates form part of this system, the dynamic 
behavior can be also a subject that deserves to be studied. In fact, superparamagnetic or 
spin glass-like behavior was observed in Fe doped ZrO2 [19], which can be a 
consequence of the presence of magnetic clusters within a non-magnetic matrix. 
Therefore, further research on ferromagnetism in ZrO2 based systems still deserves 
attention both from the basic and the technological point of view.  
Acknlowledgements 
Financial support from CONICET (PIP00038 and PIP00362) and ANPCyT (PICT 1327 
and 1506) is acknowledged.  
 
                                                 
1
 T. Dietl, H. Ohno, F. Matsukura, J. Cibert and D. Ferrand. Science 287 12019 (2000). 
2
 P. Zhan, W. P. Wang, Z. Xie, Z. C. Li, Z. J. Zhang, P. Zhang, B. Y. Wang, X. Z. Cao. Appl. Phys Lett. 
101, 031913 (2012). 
3
 H. W. Peng, J. B. Li, S. S. Li, J. B. Xia. Phys. Rev. B 79, 092411 (2009). 
4
 J. M. D. Coey, M. Venkatesan, P. Stamenov, C. B. Fizgerald, L. S. Dorneles, Phys. Rev. B 72, 24450 
(2005). 
5
 J. Sacanell, M. A. Paulin, V. Ferrari, G. Garbarino & A. G. Leyva. Appl. Phys. Lett., 100, 172405 
(2012). 
6
 S. Ostanin, A. Ernst, L. M. Sandratskii, P. Bruno, M. Dane, J. B. Staunton, I. D. Hughes, W. Hergert & 
J. Kudrnovsky I. Mertig. Phys. Rev. Lett., 98, 016101,(2007). 
7
 G. Clavel, M.-G. Willinger, D. Zitoun & N. Pinna. Eur. J. Inorg. Chem., page 863 (2008). 
8
 X. Jia, W. Yang, M. Qin & J. Li. Journal of Magnetism and Magnetic Materials 321, 2354 (2009). 
9
 T. Archer, C. Das Pemmaraju & S. Sanvito. Journal of Magnetism and Magnetic Materials 316, e188 
(2007). 
10
 J. Zippel, M. Lorenz, A. Setzer, G. Wagner, N. Sobolev, P. Esquinazi & M. Grundmann. Phys. Rev. B, 
82, 125209 (2010). 
11
 N. H. Hong, C.-K. Park, A.T. Raghavender, A. Ruyter, E. Chikoidze & Y. Dumont. Journal of 
Magnetism and Magnetic Materials, 324, 19, p.3013 (2012). 
12
 N. H. Hong, C.-K. Park, A. T. Raghavender, O. Ciftja, N. S. Bingham, M. H. Phan & H. Srikanth. 
Journal of Applied Physics, 111, 07C302 (2012). 
13
 J. Yu, L.B. Duan, Y.C. Wang & G.H. Rao. Physica B, 403, 4264 (2008). 
14
 S.K. Srivastava, P. Lejay, B. Barbara, O. Boisron, S. Pailhès and G. Bouzerar. J. Appl. Phys. 110, 
43929 (2011). 
15
 Y. Jo, I. R. Hwang, B. H. Park, K. J. Lee, S. I. Lee, and M. H. Jung. Appl. Phys. Lett. 95, 263504 (2009). 
16
 M. Guo, J. Zhao, X. Xu, W. Yu, X. Wang. Mat. Lett. 111, 93-96 (2013). 
https://doi.org/10.1016/j.matlet.2013.08.060 
17
 N. H. Hong, M. B. Kanoun, S. Goumri-Said, J.-H. Song, E. Chikoizde, Y. Dumont, A. Ruyter, M. 
Kurisu. J. Phys.: Condens. Matter 25, 436003 (2013). 
18
 A. Sengupta, S. Ram. AIP Conference Proceedings 1536, 981-982 (2013). 
19
 I. Kuryliszyn-Kudelska, M. Arciszewska, A. Małolepszy, M. Mazurkiewicz, L. Stobinski, A. Grabias, 
M. Kopcewicz, W. Paszkowicz, R. Minikaev, V. Domukhovski, N. Nedelko, W. Dobrowolski. J. Alloys 
and Compounds 632, 609-616 (2015). 
20
 S. Kumar, S. Bhunia. Chem. Phys. Lett. 644, 271-275 (2016). 
21
 Antônio O. de Souza, Flávio F. Ivashita, Valdecir Biondo, Andrea Paesano Jr., Dante H. Mosca. J. 
Alloys and Compounds 680, 701-710  (2016). 
22
 J. Zippel, M. Lorenz, A. Setzer, M. Rothermel, D. Spemann, P. Esquinazi, M. Grundmann, G. Wagner, 
A. A. Timopheev. J. Phys. D: Appl. Phys. 46, 275002  (2013). 
23
 F. Golmar, A. M. Mudarra Navarro, C. E. Rodríguez Torres, F. H. Sánchez, F. D. Saccone, P. C. dos 
Santos Claro3, G. A. Benítez, and P. L. Schilardi. Appl. Phys. Lett. 92, 262503 (2008); doi: 
http://dx.doi.org/10.1063/1.2952839. 
                                                                                                                                               
24
 Lubna R Shah, Bakhtar Ali, Hao Zhu, W. G. Wang, Y. Q. Song, H. W. Zhang, S. I. Shah and J. Q. 
Xiao. J. Phys.: Condens. Matter 21 486004 (2009). 
25
 D. Rubi, J. Fontcuberta, A. Calleja, Ll. Aragonès, X. G. Capdevila, M. Segarra. Phys. Rev. B 75, 
155322 (2007). 
26
 R. C. Garvie. The occurrence of metastable tetragonal zirconia as a crystallite size 
effect. The Journal of Physical Chemistry, 69, 4, p.1238, 1965. 
27
 T. Chraska, A. H. King & C. C. Berndt. On the size-dependent phase transformation 
in nanoparticulate zirconia. Materials Science and Engineering A, 286, 1, p.169, 2000. 
28
 M. Bhagwat & V. Ramaswamy. Synthesis of nanocrystalline zirconia by amorphous 
citrate route: structural and thermal (HTXRD) studies. Materials Research Bulletin, 39, 
11, p.1627, 2004. 
29
 B. D. Cullity, C. D. Graham. Introduction to Magnetic Materials. Second ed., John Wiley & Sons, New 
Jersey, 2009. 
30
 Sasanka Deka and P. A. Joy. Appl. Phys. Lett. 89, 032508 (2006). 
31
 Z.L. Lu, X.F. Bian, W.Q. Zou, M.X. Xu, F.M. Zhang. J. of Alloys and Compounds 492, 31–34  (2010). 
32
 F. Maca, J. Kudrnovsky, V. Drchal and G. Bouzerar. Appl. Phys. Lett. 92, 212503 (2008). 
33
 S. K. Srivastava, P. Lejay, B. Barbara, O. Boisron, S Pailhes and G Bouzerar. J. Phys.: Condens. Matter 
23, 442202  (2011). 
34
 H. Zhu, J. Li, K. Chen, X. Yi, S. Cheng, F. Gan. Scientific Reports 5, Article number: 8586 (2015). 
35
 E. Albanese, M. Leccese, C. Di Valentin & G. Pacchioni. Scientific Reports 6, Article number: 31435 
(2016). 
